Introduction
The formation and presence of heterocyclic aromatic amines (HAAs) in cooked meat and fish are well documented (1 and references therein). One of these compounds, 2-amino-3-methylimidazo [4,5-f] quinoline (IQ), has also been found in cigarette smoke condensates (2) . In addition to being a potent mutagen in the Ames Salmonella mutagenicity assay, IQ is carcinogenic in rodents and non-human primates (3, 4) . In contrast to its mutagenic potency in the Ames assay, IQ is weakly mutagenic in mammalian cells, including those that contain cytochrome P450 1A2 and those that are deficient in nucleotide excision repair (5, 6) . It was subsequently shown that the presence of both cytochrome P450 1A2 and N,O-acetyltransferase (NAT2) are required for the activation of IQ to its mutagenic metabolites (7, 8) . As shown in Figure 1 , IQ is N-hydroxylated by cytochrome P450 enzymes to form N-hydroxy-IQ, and then esterified by NAT2 to yield the reactive N-acetoxy intermediate.
Following metabolic activation, IQ reacts with DNA predominantly at deoxyguanosine to form two adducts. The major adduct is N-(deoxyguanosin-8-yl)-2-amino-3-methylimidazo [4,5-f] quinoline (dG-C8-IQ), followed by a minor adduct 5-(deoxyguanosin-N 2 -yl)-2-amino-3-methylimidazo-[4,5-f]quinoline (dG-N 2 -IQ) (9, 10) . Similar adduct profiles are also found following 32 P-post-labelling of DNA from the liver, kidney and colorectum of rats treated with IQ (11) . These adducts were also observed in cynomolgus monkeys undergoing a carcinogen bioassay (12) . Endo et al. (13) have also found guanine to be the preferred binding sites of IQ using a polymerase arrest assay. Many of the mutations reported on IQ in vitro and in vivo involve guanine residues. For example, two-base CG deletions were found to be induced by IQ, MeIQ and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) in Salmonella typhimurium TA 1538 (14) . Ha-ras mutations observed in squamous-cell carcinomas induced in rat Zambal glands by IQ, MeIQ and MeIQx are attributed primarily to guanine-pyrimidine transversions in codon 13 (1) .
The mutagenic specificity of IQ has been evaluated in Escherichia coli using the lactose reversion assay. uvrA strains containing N,O-acetyltransferase activity were found to be more sensitive to NO 2 -IQ or S9-activated IQ-induced toxicity and mutagenicity. The mutations observed were predominately -2CG and -1CG frameshifts. The ability to induce G→T transversions were not checked (15) . Because reversion assays were used, the mutations observed may not reflect the overall specificity of the compound. Using the supF shuttle vector system, IQ was found to induce Ͼ97% base substitutions. The dominant mutations observed were G→T transversions (16) . Characterization of a limited number of the mutations induced by IQ in the hprt gene of CHO-K1 mainly showed the presence of base substitutions. G→C and A→C transversions were the predominating mutations observed. In the reported study, IQ induced a mutant fraction of only three to five times above that of the background; thus, it needs to be confirmed whether all the characterized mutations are IQ-induced (17) .
In this report, we show the mutagenic responses of a human lymphoblastoid cell line TK6 to rat liver S9-activated IQ and to photoactivated N 3 -IQ. We have determined the adducts formed and their removal, and also characterized some of the mutations induced following treatment with photoactivated azido-IQ in these cells.
Materials and methods
Chemicals RPMI1640, glutamine, gentamycin and horse serum were obtained from Gibco, Life Technologies (Basel, Switzerland). IQ was purchased from Toronto Research Chemicals (North York, Ontario) and Moltox arochlor1254-induced rat liver S9 was from Molecular Toxicology (Boone, MD). N 3 -IQ was synthesized as previously reported (18) . Micrococcal nuclease, nuclease P1, and spleen phosphodiesterase (type I) were purchased from Sigma (St Louis, MO). Cloned T4 polynucleotide kinase was obtained from New England Biolabs (Beverly, MA). [ 32 P]ATP (7000 Ci/mmol) was obtained from ICN Chemicals (Irvine, CA). PEI-cellulose thin layer plates were from MacheryNagel (Düren, Germany). Isoelute C18 end-capped cartridges (100 mg) were purchased from ICT AG (Basel, Switzerland). Qiagen tip-2500 columns, QIA amp genomic kit and the QIAquick Gel extraction kits were obtained from Qiagen AG (Basel, Switzerland). The f-mol cycle sequencing system was purchased from Promega (Zurich, Switzerland).
Mutation assays
Mutation assays using the TK6 human lymphoblastoid cells were performed as described in Skopek et al. (19) and Liber and Thilly (20) . The TK6 cells were maintained in RPMI1640 supplemented with 2 mM glutamine and 10% horse serum. The cells were cultured in sterile flasks in an incubator maintained at 37°C with 5% CO 2 . The media used for experimental cultures were also supplemented with 10% gentamycin. Prior to the mutation assays, the TK6 cells were treated with CHAT medium to reduce the spontaneous mutants.
To determine the mutagenicity of IQ, cultures of TK6 cells were treated with different concentrations of the compound in the presence of an exogenous metabolizing system (1.5% rat liver S9) for 4 h. An alternate route to generate the reactive intermediates of IQ by the photoactivation of N 3 -IQ is shown in Figure 1 . Treatment with N 3 -IQ was performed by the addition of different concentrations of N 3 -IQ to cells suspended at a concentration of 5-8ϫ10 5 cells/ml in phosphate-buffered saline (PBS) followed by the activation of the N 3 -IQ by irradiation of the cell suspension at 366 nm. Irradiation was done from a distance of 6 cm for 10 min using a Spectroline ENF-260 UV lamp.
Following treatment, the cells were maintained as stationary cultures in T-flasks with daily dilution to 5ϫ10 5 cells/ml for 6 days before the determination of the mutant fraction in the hypoxanthine guanine phosphoribosyltranferase (hprt) locus. Calculations to determine the mutant fractions were done as described in Furth et al. (21) . Cells treated for adducts determination were maintained in stationary cultures in T-flasks for a period of 0, 4, 11, 24 or 51 h. After this time, the cells were spun and stored at -70°C until preparation of their genomic DNA. 32 P-post-labelling TK6 cells were treated with N 3 -IQ as described above and genomic DNA was isolated by Qiagen chromatography. DNA digestion, adduct enrichment and 32 P-post-labelling were done as described (18) . Briefly, 30 µg of DNA were digested with 3.0/0.38 U of micrococcal nuclease/spleen phosphodiesterase at 37°C for 8 h. DNA adducts were then enriched by solid phase extraction using a Bond-Elut C18 cartridge prior to post-labelling. 
Determination of adducts by

Analysis of mutations induced by IQ
Mutation analysis were done on PCR amplified fragments of exon III from genomic DNA or RT-PCR fragments from total RNA. Genomic DNA and total RNA were isolated from the mutants using the QIA amp genomic kit and Qiagen RNeasy Mini kit. Exon III was amplified using the pair of primers 5Ј-TTTGCAGGCATGGGGTCTCACTATATT-3Ј and 5Ј-AATAAG-TATATATCCTCCAAGGTGACTAG-3Ј and sequenced with the primer 5Ј-GAGGCCATCACATTG-3Ј. The cDNA of the hprt gene were amplified and sequenced using the primers described in Leong-Morgenthaler and Holzhäuser (22) . Following amplification, the bands of interest were isolated following migration in 1.5% agarose gel and purified using the QIAquick Gel Extraction Kit. The DNA sequence of the isolated fragments were determined using the f-mol cycle sequencing system as described by the suppliers.
Results
Responses of TK6 cells to IQ in the presence of S9
The responses of TK6 cells to IQ activated by an exogenous metabolizing system (1.5% S9 mix) are shown in Figure 2 . Under these conditions, the mutant fractions observed in the Azides of arylamines and heterocylic arylamines have been previously reported to chemically modify DNA after photoactivation and result in mutagenesis in S.typhimurium (25, 26) . fractions of 14.4ϫ10 -5 . These induced mutant fractions were 3.5 times higher and significantly different (α Ͻ 0.05) than those observed in the control cultures. To obtain similar mutagenic responses, 25 µM of IQ activated by S9 was required, showing that the photoactivated N 3 -IQ was at least 50-fold more potent than IQ activated by rat liver homogenate (S9). To ensure that TK6 cells were not sensitized to the mutagenicity of N 3 -IQ by irradiation, cells were also irradiated at 366 nm for 10 min, prior to treatment with IQ and S9 mix. Pre-irradiation of the cells did not increase the mutagenic response of TK6 to IQ activated by S9 mix (results not shown).
DNA adduct formation and removal in TK6 cells following treatment with N 3 -IQ
The DNA adducts formed following treatment of TK6 cells with photoactivated N 3 -IQ were evaluated by 32 P-post-labelling ( Figure 4 ). The major lesion was the dG-C8-IQ adduct and it accounted for~60-80% of the observed post-labelled material. The minor adduct, dG-N 2 -IQ, was also present, and it accounted for 15-20% of the total radioactivity. Several other adducts were detected, which may be the products of incompletely digested oligomers of dG-C8-IQ (12, 18) . The ratio of the dG-C8-IQ and the dG-N 2 -IQ adducts did not change significantly in the cells as a result of the different dose treatments with N 3 -IQ (Table I) . A dose-dependent increase in adducts was observed as a function of N 3 -IQ treatment, which closely followed the induction of observed mutations (Figure 3) .
The removal of the adducts was determined after treatment of TK6 cells with 2.2 µM of photoactivated N 3 -IQ where 50% survival of the cells was observed. Samples were taken at 0, 4, 11, 24 and 51 h post-treatment. There was no significant difference in the rate of the removal of the two adducts, showing that there was no preferential removal of either adduct ( Figure 5 ). The adduct removal appeared to be biphasic with an initial higher rate of removal, which led to a loss of 50% of the adducts within 9 h. A slower decrease, which resulted in a loss of~90% of the adducts after 24 h, was observed following the initial phase.
Mutations induced by photoactivated N 3 -IQ in TK6 cells
To gain further insight into the mutagenicity of IQ, we have characterized 44 hprt mutants that were isolated following treatment of TK6 cells with photoactivated N 3 -IQ. Because more than a third of the mutations following treatment with the heterocyclic aromatic amine, PhIP were found in the exon III of the gene (22), we initially focused on identifying mutations here. Subsequently, nucleotide sequence analysis was performed on most of the cDNA of the hprt gene following amplification of the region by RT-PCR of total RNA from the mutants. Of these 44 mutants, 15 mutations were identified and 10 others were found to be missing an exon (Table II) . Further characterizations of these mutants are necessary to determine if they contain splice site mutations or genomic deletions. The remaining 19 mutants that are resistant to 6TG have not been characterized further. They could have attained resistance because of a mutation in their trans membrane protein, which resulted in their inability to take up 6TG or 1752 could have altered expression of the hprt. Southern blot analysis of the DNA of the mutants has not been done and, therefore, we cannot exclude the absence of deletions within that gene. Because RT-PCR with primers within the hprt coding sequence of the total RNA of these mutants produced a fragment of the expected size (data not shown), it is unlikely that they contain large deletions within the coding sequence of the gene. Of the mutations identified, six were located in the exon III. All of these mutations were single base deletions in the runs of six guanine present in the exon. This run of six guanines has been found to be a 'hotspot' in the mutations induced by the frameshift mutagen ICR-191, but unlike the mutations observed in the IQ treated populations, those mutations induced by ICR-191 were single base (guanine) additions resulting in ϩ1 frameshifts (23, 24) . At this position, single base deletions were also induced by another heterocyclic aromatic amine, PhIP (22) . Apart from this one mutation, no other hotspots were found in this collection of mutations. Among the mutations observed, several different base substitutions were found. They were mainly transversions, including two GC→TA mutations at positions 568 and 582, two GC→CG mutations at positions 538 and 574 and an AT→TA mutation at position 591. Of the GC→TA mutations observed, the one mutation observed in position 568 was also represented (2/39) in the PhIP-treated mutants. One GC→AT transition at position 599 was found. In the HPRT database, there are 10 entries for this mutation, of which four are derived from spontaneous cultures. With the data available, we cannot conclude whether this mutation is of spontaneous origin or induced by IQ. Among this limited collection of mutants, we found three mutations that were not represented in the hprt database (HPRT Analysis Program 6.0; Mutabase Software, Durham, NC). They were a GC→TA transversion at position 582, which resulted in the amino acid change of an aspartate to glutamate, a AT→TA transversion at position 591, which resulted in the change of a glutamate residue to an aspartate, and a single guanine deletion at position 403, which resulted in a -1 frameshift. Two multiple mutations that included a single base deletion and a deletion of five bases were also observed. Whether all these new mutations represent true IQ-induced mutations, or are of spontaneous origins, needs to be confirmed.
Discussion
IQ was mutagenic to TK6 cells at concentrations Ͼ25 µM following activation with an exogenous metabolizing (S9) mix. The response of these cells to IQ is similar to those observed following treatment with PhIP. Two other heterocyclic amines, 4-MeIQ and 4-MeIQx were not found to be mutagenic under the conditions used. The mutagenic activities of HAAs in these cells do not reflect their potencies as observed in the Ames test, but are consistent with the responses seen in other mammalian cells, including Chinese hamster ovary cells (5) . Several studies have shown that the weaker potency observed in mammalian mutation assays is the result of the lack of N,O-acetyltransferases in these systems (7) . We observe that treatment of TK6 cells with photoactivated N 3 -IQ was at least 50-fold more active than treatment with the parent compound following activation by rat liver S9. The increase in mutagenicity is not caused by the sensitization of the cells as a result of irradiation. Because photoactivated N 3 -IQ does not require metabolizing enzymes for its ultimate activation to its The mutated base is shown in bold. In the case of a single deletion of a guanine in a string of guanines, all six bases are in bold as it is not possible to distinguish the actual base deleted. c Both of these mutants were from independent cultures. They both contained a deletion of a T at position 627 and deletion of five base pairs at positions 631-636. d Of these mutants, two were found to be missing exon V, three were missing exon VII and five were missing exon VIII. The actual mutations responsible have not been identified.
reactive metabolite, we conclude that the weak mutagenicity of IQ in TK6 cells is the result of the inefficient formation of the reactive metabolite of IQ within the cell and is probably caused by the lack of N,O-acetyltransferase activity in these cells. Following treatment of the TK6 cells with photoactivated N 3 -IQ, two DNA adducts, the dG-C8-IQ adduct and another one present in lesser quantity (dG-N 2 -IQ), were found. The DNA adduct profile was similar to that observed following treatment of calf thymus DNA with photoactivated N 3 -IQ or N-acetoxy-IQ (18) . There was a dose-dependent increase in both adducts, which correlated with an increase in mutant fraction; however, the ratio of the two adducts did not change with increasing N 3 -IQ concentration. Under treatment conditions that resulted in 50% survival,~90% of the adducts were removed after 24 h and there was no preferential removal of either adduct. The lack of preferential adduct removal is in contrast to the slowly dividing tissues of rodents, such as liver and kidney, where the dG-C8-IQ adduct was removed more rapidly than the dG-N 2 -IQ lesion (11) .
The 15 mutations that were identified in the IQ-treated cultures consisted of single base deletions (7/15) and transversions (5/ 15). Most of the mutations (12/15) identified were at guanines. The single base deletion in the run of six guanines at position 207 was represented six times in the 15 identified mutations. From this observation, we propose that such a sequence is a hotspot for IQ-induced deletions. The same hotspot was also found in PhIP-induced mutants (22) . Whether this hotspot mutation is a signature for IQ and PhIP awaits confirmation by the analysis of more mutants using the mutational spectrometry approach (27) . Nearest neighbour analysis of the remaining mutations at the guanine residues showed a preference for an adenine (4/6) 5Ј to the mutated base. However, unlike the PhIPinduced mutations, no preference for a guanine 5Ј to the mutated base was observed. Because of the small number of mutations analysed, we cannot conclude if this represents a difference in the mutational specificity of the two compounds.
In addition to the mutations observed at guanine residues, one 1753 AT→TA transversion and two multiple mutations that resulted in deletion of a thymidine and a 5-adenine-thymidine residue were found. Whether these are IQ-induced or spontaneous mutations are not known. Because the mutants were isolated in a population that had a mutant fraction that was 4-fold greater than the background, we could expect~25% of the characterized mutants to be of spontaneous origins. This would translate to four mutants in our collection. Because most of the characterized mutations (12/15) and the IQ-DNA adduct were found at guanines, the dG-IQ adducts are candidates as the pre-mutagenic lesions. Further studies are needed to determine whether the dG-C8-IQ adduct or the dG-N 2 -IQ adduct, or both adducts are indeed responsible for the deletions and transversions observed.
